1. Introduction {#s0005}
===============

Zika virus (ZIKV), a member of the flavivirus family was first isolated from a rhesus monkey in Uganda in 1947 ([@bb0030]). Although the first human case was described in 1952 in Nigeria ([@bb0090]), the virus is not known to have caused major epidemics until relatively recently. In 2007, ZIKV re-emerged to cause an epidemic in Micronesia ([@bb0040]) and more recently an outbreak occurred in French Polynesia in 2013. ZIKV infection reached an almost a pandemic level in 2016 following its introduction to Brazil in 2015 ([@bb0135]). On February 1, 2016, the Zika virus was officially declared as public health emergency of international concern by the World Health Organization (WHO).

The primary mode of ZIKV transmission is through the bite of Aedes mosquitos, although recent studies suggest that sexual transmission is also a possibility ([@bb0050], [@bb0100]). In fact, recent studies suggest that the virus can persist for long periods in the testes of infected mice leading to destruction of tissue resulting in sterility ([@bb0055], [@bb0085]). What made the recent ZIKV epidemic alarming is its association with neurological illness such as Guillain-Barré syndrome in the French Polynesia and microcephaly in fetus and newborns (reviewed in ([@bb0115])) in the epidemic in Brazil and USA.

The implication of birth defects in infected pregnant mothers, neurological illness in adults as well as the possibility of sexual transmission has intensified efforts to develop a vaccine for ZIKV, as currently there is no approved vaccine for the virus. Great strides have already been made and several recent reports have demonstrated the efficacy of both inactivated ZIKV vaccine as well as of prM/E proteins expressed *via* DNA or adenoviral vectors in mice and monkey models, and most recently, a single dose of nanoparticle-encapsulated mRNA vaccine encoding prM-E protein also induced strong and durable protection in mice and monkeys ([@bb0005], [@bb0035], [@bb0075], [@bb0105]). Moreover, human neutralizing antibodies have been shown to protect mice against ZIKV infection ([@bb0120]). Although these results are encouraging, efficacy has so far not been demonstrated against human subjects or human cells *in vivo*.

Zika virus can infect multiple cell lines of different species *in vitro*. Primary human dermal fibroblasts, epidermal keratinocytes, and immature dendritic cells have been shown to be susceptible to ZIKV infection *in vitro* ([@bb0060]). DC-SIGN (Dendritic Cell-Specific Intercellular adhesion molecule-3-Grabbing Non-integrin) and members of TIM and TAM family of receptors, particularly AXL and Tyro3 have been also shown to facilitate infection and blocking antibodies to these receptors prevent infection, suggesting that they might serve as entry receptors ([@bb0060]). Primary human neuronal stem cells and astrocytes, oligodendrocyte precursor cells, and microglia cells have also been shown to be susceptible to infection *in vitro* ([@bb0115]). Other *in vitro* studies have shown that primary human placental cells and explants-cytotrophoblasts, endothelial cells, fibroblasts, Hofbauer cells in chorionic villi, amniotic epithelial cells and trophoblast progenitors can also be infected ([@bb0110], [@bb0130]). However, which human cells are infected in human patients is not known.

We show that human myeloid cells and B cells are the major targets of ZIKV and that a DNA vaccine encoding the viral prM and E proteins elicits robust protection against ZIKV infection in humanized DRAG mice.

2. Materials and Methods {#s0010}
========================

2.1. Antibodies, Cell Lines and Viruses {#s0015}
---------------------------------------

Mouse anti-flavivirus antibody (clone D1-4G2-4-15 (4G2), RRID: [Ab00230-2.0](http://absoluteantibody.com/ababs/Ab00230-2-0-Anti-Flavivirus-group-antigen-D1-4G2-4-15-4G2/){#ir0005}) and anti-ZIKV E protein DIII (LR) ZV-67 (RRID: [Ab00812-2.0](http://absoluteantibody.com/ababs/Ab00812-2-0-Anti-E-protein-DIII-LR-ZV-67/){#ir0010}) was purchased from absolute antibody Inc., UK. FITC-conjugated goat anti-mouse polyclonal antibody was obtained from Sigma Inc. (MO, USA). Fluorescence-labeled anti-human CD45, CD4, CD19, CD14 and CD11c antibodies were purchased from BD Biosciences (CA, USA). Vero cells (strain Vero 76, clone E6, RRID: [CVCL_0603](http://web.expasy.org/cellosaurus/CVCL_0603){#ir0015}) were obtained from ATCC and grown in Dulbecco\'s Modified Eagle medium (DMEM) containing Glutamax and supplemented with 10% fetal bovine serum (FBS) and 100 U/mL penicillin-streptomycin (PS) (Invitrogen) and maintained at 37 °C in the presence of 5% CO~2~. ZIKV (strain PRVABC59) was obtained from ATCC. The viral stocks were produced by infecting Vero cells in the laboratory using an MOI (Multiplicity of infection) of 0.01. The supernatants were collected at day 4--5, then clarified, filtered, aliquoted and stored at − 80 °C. These viral stocks were used for FRNT (focus reduction neutralization test) neutralization assays and mice challenge.

2.2. DNA Vector Constructs {#s0020}
--------------------------

ZIKV strain PRVABC59 (Genbank Accession number: KU501215.1) was used to design the DNA vaccine plasmid. Full-length pre-membrane and envelope gene (PrM-E, defined as amino acids 126--794 of the ZIKV polyprotein) or short version of PrM-E (216--794), as described in [@bb0075] were mammalian codon optimized, synthesized (Genscript, NJ) and cloned into mammalian expression vector pTTVH8G driven by the CMV immediate early promoter for mammalian expression. A Kozak sequence and a Japanese encephalitis (JE) signaling sequence were also included. The plasmid constructs were confirmed by DNA sequencing and amplified in E.coli DH5α, and the plasmid was prepared with Qiagen *endo*-free Maxi-prep kit.

2.3. Humanized DRAG Mice, Immunization and ZIKV Challenge of the Mice {#s0025}
---------------------------------------------------------------------

Humanized DRAG mice (NSG mice transgenic for human DR4, RRID: IMSR_JAX:017914) were obtained from Jackson Laboratories and bred in TTUHSC animal facility. To increase scientific rigor where ever possible, experiments have been done in a blinded manner and to exclude sex bias, each experiment contains equal number of male and female mice. To generate humanized DRAG mice, animals were irradiated with a dose of 350 cGy and injected intravenously with 0.2 million of DR4 positive HSCs isolate from the fetal liver (Advanced Bioscience Inc.). After 10--12 weeks, the reconstitution will be confirmed by flow cytometry by staining the PBMCs with human CD45, CD3, CD4 and CD8. After confirming successful reconstitution, the DRAG mice were immunized intramuscularly (IM) by injection of 100 μg of plasmid DNA twice at week 0 and week 3. Sera collected at weeks 0, 3 and 6 were used for ELISA and Microneutralization assay. For ZIKV challenge, both unimmunized and immunized male and female DRAG mice were intraperitoneally administrated with 1 × 10^4^ PFU of ZIKV strain PRVABC59. Three days after challenge, the animals were sacrificed, and the blood as well as spleen cells were collected for immunostaining assay. Also, the blood cells and sera were used to extract RNA for quantitative RT-PCR to determine the viral loads.

2.4. Quantitative RT-PCR {#s0030}
------------------------

ZIKV viral loads were determined by quantitative RT-PCR assay using RNA extracted from cells or serum. Briefly, cellular RNA was extracted with RNAeasy Mini kit (Qiagen, Germany) and the serum RNA was extracted using QIAamp viral RNA mini kit (Qiagen, Germany) according to the manufacturer\'s instructions and the RNA concentration were determined by Nanodrop. The Zika virus RT-PCR detection kit was purchased from Primerdesign Ltd., UK and quantitative RT-PCR assays were performed according the manufacturer\'s instructions. The viral loads were calculated as copy numbers per ml according to the standard curve.

2.5. Negative Strand RT-PCR {#s0035}
---------------------------

Human B cells were isolated from human PBMCs using CD19 positive selection kit, then were activated and expanded with B cell expansion kit for 4 days. The activated B cells (1 × 10^6^ cells) were infected 1 × 10^4^ pfu of ZIKV for 4 h, following which the cells were extensively washed to remove free virus and cultured with fresh medium. The supernatants and aliquots of B cells were collected at days 0, 1, 3, 5 and 8. A two-step RT-PCR was used to detect the negative strand RNA. Cellular RNA was extracted as described earlier, and reverse transcribed using the forward primer complementary to the viral negative strand. The RT primer sequence is as follows: ggaggattccggattgtcaat. Reverse transcription was performed according the protocol of SuperScript III first-strand synthesis kit (Thermo Fisher Scientific, CA). The RT reactions were then treated at 95 °C for 10 mins to inactivate the enzyme. The PCR was then performed using the following primer pair: forward primer "ggaggattccggattgtcaat" and reverse primer "tgccgtgaatctcaaaaaggc", which target a 150-bp-long fragment at the conserved region of capsid gene negative strand.

2.6. ELISA {#s0040}
----------

The antibody titers in the DRAG mouse sera were determined by ELISA. To determine the ZIKV-specific IgG from human cells, the Human ZIKV Envelope ELISA kits were used, while mouse ZIKV Envelope ELISA kits were used for test the mouse ZIKV-specific IgG. Both ELISA kits were purchased from Alpha Diagnostic International, TX, USA. 96-well plates coated with ZIKV Env protein were first equilibrated at room temperature with 300 μL of kit working wash buffer for 5 min, then 1:20 dilution of DRAG mouse sera were added to the wells and incubated at room temperature for 1 h. After washing 4 times with wash buffer, 100 μL of HRP-conjugated anti-human IgG (or anti-mouse IgG if testing the mouse antibody) was then added to each well and the plates incubated for 1 h at room temperature. Plates were then washed 6 times, developed with 100 μL of TMB substrate for 15 min at room temperature then stopped by adding 100 μL of stop solution. OD450 measurements were then recorded on a FLUOstar Omega microplate reader. Antibody titers were expressed as thresholds of OD of 1 U/mL calibrator (\> 1 threshold was considered as positive) and calculated according to the Manufacturer\'s instructions, and all data are reported as the average of three measurements.

To determine ZIKV protein E specificity of the vaccine constructs, 2 μg of full or short versions of DNA constructs were transfected into 293 T cells cultured in 12-well plates. After 3 days, the culture supernatants were collected and 100 μL of each (triplicate) were coated into 96-well immune plate overnight. After blocking with 5% non-fat milk (in PBS) for 2 h, the primary antibody ZV-67 (ZIKV E protein DIII region-specific, purchased from absolute antibody Inc., UK) were added for 1 h, followed by HRP-labeled anti-mouse IgG antibody. The color was then developed with TMB substrate, and OD450 were recorded as described earlier.

2.7. Western Blot {#s0045}
-----------------

To assess the PrM-E expression of the vaccine constructs and the E protein specificity, cell lysates were collected after 72 h from PEI-transfected 293 T cells. The lysates were treated with lysis buffer, heated for 10 min at 100 °C, and then run on a precast 4--12% SDS-PAGE gel (BioRad, CA, USA). The gel was then transferred onto a PVDF membrane and then blocked overnight with 5% skim milk in PBS. The membrane was incubated with the primary antibody ZV-67 (1:2000) for 2 h, followed by washing 4 times using PBS-T buffer. Then, the membrane was incubated with secondary antibody anti-mouse IgG (HRP-labeled, 1:5000) for 1 h. After washing away the unbound secondary antibody with PBS-T for 5 times, the color was developed by using Pierce ECL Western Blotting Substrate (ThermoFisher, CA, USA).

2.8. Microneutralization Assay {#s0050}
------------------------------

Neutralizing activity of mouse sera was determined using a ZIKV microneutralization (MN) assay as described previously ([@bb0005], [@bb0075]) with small modifications. In brief, serial dilutions of mouse sera were incubated with 100 μL of ZIKV PRVABC59 (containing 100 PFU of viruses) at 35 °C for 2 h. Next, the antibody-virus mixtures were added to overnight-cultured Vero cell monolayers in 96-well plates and incubated for 4--5 days until the CPE developed. The cells were fixed with ethanol/methanol (1:1), then stained with mouse-anti flavivirus antibody, followed by HRP-conjugated goat anti-mouse polyclonal antibody, and then developed by adding TMB substrate. The absorbance at 450 nm was recorded. The neutralizing titers were calculated as the average of mouse sera (triplicates for each serum) and presented as the reciprocal of serum dilution yielding 50% inhibition of the OD450 (compared with preimmune mouse serum values) after plotting the data with Sigmaplot software using a polynomial regression (quadratic) curve-fitting model ([@bb0065]). Seropositivity was defined as a titer of ≥ 20.

2.9. Isolation and Staining of Immune Cells {#s0055}
-------------------------------------------

The spleens harvested from DRAG mice were mashed and filtered through a 40 μm strainer twice. Then the human cells (CD45 + cells) were isolated using mouse/human chimera isolation kit (StemCell Technologies). Next, the human cells were used to isolate B cells using CD19 positive selection kit (StemCell Technologies), the rest of cells were used to further isolate CD3 + T cells with CD3 positive selection kit, and the final subpool of the cells were considered as myeloid cells. After isolation, the cells were checked for purity by staining with CD19, CD3 and CD14 antibodies respectively (The purities of the three cell types range from 95 to 99%, data not shown).

The above-purified immune cells were treated with fixation/permeabilization kit (BD Biosciences) for 30 min, then intracellularly stained with mouse anti-Flavivirus mAb for 1 h, followed by FITC-conjugated goat anti-mouse secondary antibody for 30 min. Then, the cells were washed once with FACS buffer (PBS + 2% FBS), then respectively stained with fluorescence-labeled human CD19, CD3 and CD14 antibody, and the cells were counted by flow cytometry.

2.10. *In Vitro* Infection of Human B Cells {#s0060}
-------------------------------------------

Human B cells were isolated from human PBMCs purchased from Astarte Biologics (Bothell, WA) using CD19 positive selection kit (Stemcell Technologies, Canada). The purities of the isolated CD19 + cells are 95--100%. Human B cells were then activated using the B cell expansion kit (R&D System, Minneapolis, MN) according the manufacturers\' instructions, immediately after isolation. For ZIKV *in vitro* infection, 1 × 10^6^ of B cells were infected with a dose of 1 × 10^4^ pfu of ZIKV for 4 h, then the cells were extensively washed (3--4 times), and cultured in medium supplemented with B cells expansion buffer. The day 0 samples were taken from this time.

2.11. Statistical Analysis {#s0065}
--------------------------

Statistical analyses were performed with GraphPad Prism version 6. Data between groups were compared using Unpaired Student *t*-tests with Welch\'s correction, or Mann-Whitney test. P \< 0.05 was considered significant and P \< 0.01 was considered extremely significant. Power analysis was used to determine animal size according to previous publications to assure significances.

3. Results {#s0070}
==========

While routinely used humanized mouse models, including BLT mice are good models to test for efficacy of drugs and gene therapy, they do not permit testing of vaccination approaches due to poor antibody response including class-switching. However, in recently described DRAG mice, which lack murine class II, but transgenically express human HLA-DR4, antibody response including class switching is robust ([@bb0010]). Therefore we tested the efficacy of the DNA vaccine in DRAG mice.

To generate humanized mice, DRAG mice were irradiated (350 gy) and intravenously injected with human DR4 + CD34 + hematopoietic stem cells (HSCs) isolated from fetal liver (obtained from Advanced Biosciences Inc.). Twelve weeks later, PBMCs (peripheral blood mononuclear cell) obtained from retro orbital bleeding were tested for human immune cell reconstitution by flow cytometry using human-specific antibodies. Human CD45 + cells in the spleen constituted \~ 50% and included CD4 and CD8 T cells, B cells, monocytes and dendritic cells ([Fig. 1](#f0005){ref-type="fig"}A). To characterize if ZIKV could be efficiently replicated in DRAG mice, a group of 4 mice were challenged with ZIKV (1 × 10^4^ PFU (Plaque forming units) per mouse), disease progression was monitored daily and sera collected at days 0, 1, 3, 5 and 8 for viral load detection. ZIKV infection did not cause any significant symptoms or weight changes in infected mice when compared with uninfected mice (n = 2), however, infected mice did present with detectable viremia during an 8-day-follow-up period with peak viral load averaging 8 × 10^4^ viral copies/ml at day 3, indicating effective viral replication in these mice ([Fig. 1](#f0005){ref-type="fig"}B).Fig. 1Characterization of humanized DRAG mice and ZIKV infection. (A) Irradiated DRAG mice were intravenously injected with DR4-matched human CD34 + hematopoietic stem cells (HSCs). Twelve week later, PBMCs were stained with indicated human antibodies to verify reconstitution of T (human CD3 and CD4/or CD8 positive) and B cells (human CD19 positive), monocytes (human CD14 positive) and dendritic cells (human CD11c positive). (B) DRAG mice were intramuscularly administrated with 1 × 10^4^ pfu of ZIKV (strain PRVABC59, n = 4), and the uninfected mice (n = 2) were used as negative control. The sera were collected at days 0, 1, 3, 5 and 8 to extract viral RNA and ZIKV RT-PCR was performed to determine the viral load.Fig. 1

Both partial prM-E (AAs 216--794) ([@bb0075]) and full-length prM-E (AAs 126--794) coding sequence were used for DNA vaccines. We therefore tested both of these forms for E protein expression. We synthesized the prM-E of ZIKV (strain PRVABC59) and cloned it into a mammalian expression vector pTTVH8G. These constructs were transfected into 293 T cells and after 48 h, cells were stained with ZIKV-E protein specific antibody and examined by flow cytometry. As shown in [Fig. 2](#f0010){ref-type="fig"}A, both partial prM-E and full-length prM-E containing plasmid-transfected cells expressed E protein, although full-length prM-E expression was somewhat higher. We also tested the supernatants from transfected cell culture for antigenicity by ELISA (enzyme-linked immunosorbent assay). We found no significant difference between the partial and full-length constructs in terms of protein E specificity (Supplementary Fig. 1.). We further confirmed PrM-E protein expression by Western Blot (Supplementary Fig. 2). Therefore, we used the full-length plasmid for further studies.Fig. 2ZIKV DNA vaccine induces antibody response in humanized DRAG mice.(A) DNA vaccines encoding either a full-length or a short form of PrM-E gene were transfected into 293 T cells and the cells stained with ZIKV E antibody after 48 h. Representative flow cytometric data (left) and cumulative data on MFI from 3 independent experiments (right) are shown. Histograms from left to right represent vector control, partial PrM-E, and full length PrM-E respectively. Red histograms represent isotype control and blue histograms represent staining with E protein antibody. (B) DRAG mice were intraperitoneally administrated with 100 μg of full- length PrM-E DNA vaccine and boosted at week 3. Sera obtained at week 0 (preimmune), 3 and 6, were tested in triplicate for E-specific antibody response by ELISA. Each symbol represents mean of triplicate from individual mouse. (C) Pre-immune and vaccine boosted sera were tested for ZIKV neutralizing antibodies by microneutralization assay. The neutralizing titers were presented as the reciprocal of serum dilution yielding 50% inhibition of the OD450 (compared with preimmune mouse serum values).Fig. 2

DRAG mice were then immunized with a control plasmid (pTTVH8G vector only) or ZIKV DNA vaccine (100 μg per mouse) intramuscularly. The vaccination was repeated 3 weeks later. Sera collected 3 weeks after the first and second immunization was tested for ZIKV E protein-specific human IgG antibodies by ELISA using Alpha Diagnostic human ZIKV Envelope ELISA kit (with IgG-specific secondary antibody). As shown in [Fig. 2](#f0010){ref-type="fig"}B, human E protein-specific antibodies were detected following the second immunization. The sera were then tested for ZIKV neutralizing antibodies using previously described microneutralization assay ([@bb0005], [@bb0075]). Significant titers of neutralizing antibodies were also detected after the second immunization ([Fig. 2](#f0010){ref-type="fig"}C). We further determined specific antibody isotypes development in DRAG mice after ZIKV vaccine immunization using Iso-gold rapid human antibody isotyping kit (Bioassay Works LLC, Ijamsville, MD) in pooled sera from twice immunized animals. The results demonstrated that all isotypes, including IgG (subclasses IgG 1, 2, 3), Ig A and IgM were present in the sera (Supplementary Fig. 3).

DRAG mice are devoid of murine T, B and NK cells ([@bb0025]), and thus presumably, non-humanized DRAG mice should not be able to elicit any antibody response. To confirm that mouse IgG did not contribute to the antibody response against Zika virus, we immunized non-humanized DRAG mice (without HSC (hematopoietic stem cells) injection) with full-length DNA vaccine, and 4 weeks later, tested the sera for murine antibody response by ELISA using non-immunized DRAG mouse sera as negative control. No ZIKV-specific antibody response was found in these mice ([Supplemental Fig. 4](#f0020){ref-type="fig"}). We also tested if any isotype of Ig is present in these mice using Iso-gold rapid mouse antibody isotyping kit (Bioassay Works LLC, Ijamsville, MD). We were unable to detect Ig of any isotype in these mice sera ([Supplemental Fig. 5](#f0025){ref-type="fig"}). Therefore, our data further confirms that ZIKV-specific antibody response is solely contributed by the engrafted human cells.

Control and vaccinated animals were then challenged with ZIKV (1 × 10^4^ PFU) and sacrificed 3 days after challenge. First, sera and blood cells were tested for the presence of ZIKV by RT PCR. While high levels of ZIKV were present in the control mice, virus was almost undetectable in the sera and blood cells in immunized mice ([Fig. 3](#f0015){ref-type="fig"}).Fig. 3Immunization with DNA vaccine induces protection against ZIKV challenge. Vector control and DNA vaccine-immunized mice were challenged with 1 × 10^4^ PFU of ZIKV 6 weeks later and after 3 days of challenge, viral load in the serum (A) and blood cells (B) tested by qRT-PCR. Each symbol represents an individual mouse.Fig. 3

To evaluate human cell types that support infection, spleens of control and vaccinated mice were pooled into 3 groups (5 mice each treatment, 2 mice each were pooled into 2 groups, and 1 mice for third group). The CD45 + human cells were first isolated, followed by isolation of human T cells and B cells were further isolated using Miltenyi beads. The T and B cell-depleted cell population was considered to be mostly myeloid cells. The purities of the three cell types range from 95 to 99% (data not shown). All three populations were intracellularly stained for ZIKV E protein and examined by flow cytometry. The myeloid cells and surprisingly, B cell population from control mice were positive for E protein, whereas all cell types from the vaccinated mice were negative ([Fig. 4](#f0020){ref-type="fig"} A, B, C). No infection was found for T cells in both vector and vaccine immunized mice. Similar results were also seen by qRT-PCR ([Fig. 4](#f0020){ref-type="fig"}D).Fig. 4Susceptibility of different human immune cells to ZIKV infection. Control and DNA vaccine-immunized mice were challenged with ZIKV and after 3 days, human cells (CD45 +) were first isolated from the pooled spleens as described in the text (5 mice each treatment, 2 mice each were pooled into 2 groups, and 1 mice for third group). B cells (panel B), T cells (panel A) and myeloid cells (panel C) were further isolated and respectively stained with fluoro-labeled anti-E antibody (intracellular staining) together with fluoro-labeled anti-CD20, CD3 and CD14 (surface staining), and analyzed by flow cytometry. A representative flow cytometric data from each of 3 pools (left) and cumulative data from all mice tested (right) is shown. (D) The indicated isolated immune cell pools were tested in triplicate for ZIK viral load by qRT-PCR. Each symbol represents mean of triplicates from individual pools.Fig. 4

Human myeloid cells especially macrophages were reported to be infected with ZIKV ([@bb0110]), but we find that B cells are also infected. To further confirm B cell infection, we infected another set of DRAG mice (n = 4) and collected blood at day 0, 1, 3, 5 and 8. The PBMCs were then stained with ZIKV E and B cell-specific antibody. As shown in [Fig. 5](#f0025){ref-type="fig"}A and Supplementary Fig. 6, the ZIKV E stained B cells were strongest at day 3, similar to the viral load curve in the sera as described in [Fig. 1](#f0005){ref-type="fig"}C. To investigate whether human B cells could be infected by ZIKV *in vitro*, CD19 + B cells were isolated from human peripheral blood mononuclear cells (PBMCs), and then activated using human B cell expansion kit. One million activated B cells were then infected with ZIKV at a dose of 1 × 10^4^ pfu for 4 h, followed by extensive washing to remove free virus, at which time cells were cultured in fresh medium. Supernatants were collected at days 0, 1, 3, 5, 8 and were tested for viral load by RT-PCR. As shown in [Fig. 5](#f0025){ref-type="fig"}B, the viral RNA in the supernatants steadily increased with time, peaking at day 3--5, and then began to decline. To test for replicating virus, we examined B cells for ZIKV negative strand RNA by a two-step RT PCR. For this, 1 × 10^5^ B cells were collected at different days after infection and cellular RNA was tested for ZIKV negative strand RNA. As shown in [Fig. 5](#f0025){ref-type="fig"}C, a 150 bp PCR product amplified from the ZIKV negative strand RNA could be seen at days 1, 3, 5 and 8 after infection but not in uninfected cells. It is worth noting that viral RNA was undetectable after 3 days of ZIKV infection *in vitro* in resting (non-activated) B cells (Supplementary Fig. 7), implicating that activation of B cells may promote expression of cellular receptors for ZIKV infection.Fig. 5Confirmation of B cell infection *in vivo* and *in vitro*. DRAG mice were infected with 1 × 10^4^ pfu of ZIKV and blood collected at days 0, 1, 3, 5 and 8. The PBMCs were stained with fluoro-labeled anti-humnan-CD45, CD20 and anti-ZIKV E antibodies. (A) A representative flow cytometric data of ZIKV infected B cells (CD20 and ZIKV E double positive cells) at indicated time points are shown. (B, C) Human B cells were isolated from human PBMCs using CD19 positive selection kit, then were activated and expanded with B cell expansion kit for 4 days. The activated B cells (1 × 10^6^ cells) were infected 1 × 10^4^ pfu of ZIKV for 4 h, following which the cells were extensively washed to remove free virus and cultured in fresh medium. The supernatants and aliquots of B cells were collected at days 0, 1, 3, 5 and 8. RNA extracted from the supernatants at indicated time points were tested for ZIKV by RT-PCR (B) and the cellular RNAs were tested for the presence of ZIKV negative strand RNA by two step RT-PCR to test for replicating virus (C). Lane 1: RNA from uninfected B cells; Lane 2--6: RNA from infected B cells sampled at days 0, 1, 3, 5 and 8; Lane 7: RNA from infected humanized DRAG mouse sera served as negative control; Lane 8: RNA from infected humanized DRAG mouse myeloid cells served as positive control.Fig. 5

4. Discussion {#s0075}
=============

Taken together, we have shown that a DNA vaccine encoding prM and E protein elicits protective antibody response in humanized DRAG mice, and thus, it is very likely to induce similar protection in humans. In addition, by using a humanized DRAG mouse model, we found that among the human immune cells, human myeloid cells and B cells are the major targets of Zika virus.

A number of Zika vaccine candidates have been tested in various animal models from mouse to monkey as has been previously described ([@bb0070], [@bb0095]). Monkey models have experimental limitations such as high cost and difficulty in obtaining a large number of animals for a significant study, while the commonly used immunodeficient AG129 mice do not generate sufficient cellular and humoral immunity due to lack of IFN α/β/γ receptors. Moreover, they do not allow testing the human immune response. Humanized BLT mice have been used to test vaccine efficacy ([@bb0080]), but in the commonly used BLT and similar models, the antibody response is weak and fails to switch class to IgG isotypes. Here we have shown that in the humanized DRAG mice, all kinds of immune cells including T cells, B cells, macrophages and DCs develop normally, and after vaccination, human ZIKV E-protein-specific antibodies of different Ig isotypes could be detected. Therefore, our results showed that DRAG is a potentially attractive animal model for testing human immune response to vaccine candidates.

We used PrM-E (AA 126--794) as an immunogen in our DNA vaccine construct, differing from the ones used by either [@bb0035] (AA 123--794) or [@bb0075] (AA 216--794). It has been reported that flaviviral PrM-E proteins can assemble together to form subviral particles, though such virus like particles are non-infectious, they are structurally similar to infectious virions ([@bb0020], [@bb0045]), and are potentially important for eliciting a potent neutralizing antibody response. By careful examination of the PrM-E protein sequence, we found that there is a potential Golgi proteolytic cleavage site (Normally contains RR, KK or RK, as found in other flaviviruses ([@bb0125])) at R127 and R128, thus it is highly likely that the start amino acid of propeptide is from R128, suggesting that AA 123--127 may not be necessary for propeptide generation (although this remains untested). Nevertheless, our construct expressed ZIKV E protein --- the major immunogenic component of the vaccine --- as demonstrated by flow cytometry, ELISA, as well as Western blot after transfection of 293 T cells. Thus, we believe that our construct does not disturb correct expression and folding of the immunogen. It is worth noting that proteins of full length (which encoding AA 126--794) and shorter version (which encoding AA 216--794) constructs have the same size (around 60 kDa), indicating the successful cleavage at the furin cleavage site (AA 212--215, residues RSRR) after expression.

Among cells of the immune system, we have shown that in addition to myeloid cells, B cells also potentially support ZIKV infection. Even though we showed evidences of B cell infection in cell culture and humanized mouse model, it must be cautioned, however, that there is always a possibility that studies in experimental models may not necessarily reflect the situation in humans. Particularly, we cannot exclude the possibility that in the scenarios of either cell culture or humanized mouse model, the susceptible human cell types for Zika infection is highly restricted, thus distinct from the clinical situation in ZIKV infection. Therefore, the relevance of B cell infection as it pertains to clinical ZIKV infection remains to be further dissected. In addition, if the B cell infection indeed occurs in humans, whether the virus remains in memory B cells and seeds other tissues such as testis remains to be tested in future experiments.
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